Leaves are mainly responsible for food production in vascular plants. Studying individual leaves can reveal important characteristics of the whole plant, namely its health condition, nutrient status, the presence of viruses and rooting ability. One technique that has been used for this purpose is Electrical Impedance Spectroscopy, which consists of determining the electrical impedance spectrum of the leaf. In this paper we use EIS and apply the tools of Fractional Calculus to model and characterize six species. Two modeling approaches are proposed: firstly, Resistance, Inductance, Capacitance electrical networks are used to approximate the leaves' impedance spectra; afterwards, fractional-order transfer functions are considered. In both cases the model parameters can be correlated with physical characteristics of the leaves.
Introduction
Leaves are mainly responsible for photosynthesis in vascular plants. They are composed of several tissue systems, such as the epidermis, mesophyll and veins. The epidermis covers both surfaces of the leaf. It secretes a waxy substance called the cuticle and protects the leaf from external aggressions. Gases can enter and exit the leaf through the stomata, which are small pores controlled by pairs of guard cells. The mesophyll occupies the interior of the leaf. It comprises the palisade and the spongy mesophyll and is mainly responsible for food production. The veins are responsible for transportation of water and minerals, through the xylem, and sap, through the phloem. From the mechanical perspective, leaves are flat lightweight structures, mechanically reinforced and stabilized by interconnecting stringers, which are represented by the veins (Vincent, 1991; Niklas, 1999; Roth-Nebelsick et al., 2001) . Mechanical vibrations of leaves have been studied in the context of host-parasitoid interactions (Casas et al., 1998) and as a potential source for harvesting wind energy (Oh et al., 2009) , for example.
Leaves have a large variety of shapes and sizes and can be grouped, for example, according to the form of their margins or the arrangement of their veins. Often botanists use leaves' features to classify plants.
The study of individual leaves unveils important characteristics of the whole plant, such as its health condition, nutrient status, the presence of viruses and rooting ability. One technique that has been widely used for this purpose is Electrical Impedance Spectroscopy (EIS). EIS measures the electrical impedance across a given range of frequencies, producing a spectrum that shows the variation of the impedance with frequency.
Impedance spectra can be used to characterize tissue composition and assess in vivo conditions of plants and animals (Mizukami et al., 2007; Cao et al., 2011) . For example, in Aberg et al. (2011) , electrical impedance spectra are investigated to distinguish between malignant melanoma and benign skin lesions and, in Altmann et al. (2004) , the significance of electrical impedance for predicting lamb carcass composition is investigated.
EIS was also used to assess vegetal tissues, as roots, leaves, stems and fruits. In Cao et al. (2011) , EIS was adopted with hydroponically raised willows (Salix schwerinii) to estimate the size of the root system. Lumped models were formulated and model parameters were correlated with the contact area between roots/stems and the solution. It was concluded that EIS is a useful nondestructive method for assessing the root surface area. In Repo et al. (2005) , EIS is investigated as a nondestructive method for monitoring the root growth of tomatoes. A nine-parameter equivalent electrical circuit was proposed to model the system, and the parameter values were estimated by Complex Nonlinear Least Squares curve fitting. The sensitivity of the method to the electrodes' placement was also investigated.
The electrical impedance of fruits and vegetables is studied by Jesus et al. (2008) from the perspective of Fractional Calculus (FC). The authors propose equivalent electrical circuit models emphasizing their fractional-order behavior. In Mancuso (1988) , electrical impedance parameters were measured in shoots and leaves of Olea europaea L., for 18 months, to determine seasonal variations in intracellular and extracellular resistances and in the state of membranes. Equivalent circuits to model shoots and leaves were adopted. Seasonal variations were observed in all impedance parameters and were related to the rooting ability. Electrical impedance measurements have also been used by other authors to assess several plant characteristics (Greenham et al., 1978; Zhang and Willison, 1993; Repo et al., 2005; Mizukami et al., 2007; Hong et al., 2009; Urban et al., 2011; Ellis et al., 2012) .
In this paper we use EIS to measure the electrical impedance of leaves and we apply the tools of FC to model and characterize different samples. Two modeling approaches are proposed: firstly, RLC electrical networks are used to approximate the leaves' impedance spectra; afterwards, fractional-order transfer functions are considered. In both cases the model parameters can be correlated with physical characteristics of the leaves.
FC is a common expression that has been used to denote the branch of calculus that extends the concepts of integrals and derivatives to noninteger and complex orders (Miller and Ross, 1993; Samko et al., 1993; Podlubny, 1999; Kilbas et al., 2006; Diethelm, 2010) . During the last decade FC has been found to play a fundamental role in the modeling of a considerable number of phenomena (Oustaloup, 1991; Zaslavsky, 2005; Magin, 2006; Mainardi, 2010; Monje et al., 2010; Tenreiro Machado et al., 2011a) , and has emerged as an important tool for the study of dynamical systems where classical methods reveal strong limitations. Nowadays, the application of FC concepts encompasses a wide spectrum of studies (Anastasio, 1994; Baleanu et al., 2010; Lu and Chen, 2010; Ionescu et al., 2011) , ranging from the dynamics of financial markets (Scalas et al., 2000; Duarte et al., 2010) , biological systems (Ionescu et al., 2009; Ionescu and Tenreiro Machado, 2010) and DNA sequencing (Tenreiro Machado et al., 2011b) , to mechanical (Oustaloup et al., 1996; Deng and Li, 2005; Nigmatullin, 2006; Agrawal, 2007; Mainardi, 2010) and electrical systems (Petras, 2008; Radwan et al., 2008; Cao et al., 2010) .
Bearing these ideas in mind, this paper is organized as follows. Section 2 introduces some fundamental concepts and describes the experimental set-up used to measure leaves' electrical impedance. Section 3 analyses the electrical impedance spectra, proposing two different modeling approaches. Finally, conclusions are drawn in Section 4.
Material and methods

Fractional Calculus and the Cole-Cole equation
The generalization of the concept of derivative and integral to noninteger orders, , has been addressed by several mathematicians. The Riemann-Liouville, Gru¨nwald-Letnikov and Caputo definitions of fractional derivative are the most used and are given, respectively, by (Tenreiro Machado, 2012 ) where À (Á) represents the Euler's gamma function, [x] is the integer part of x and h is a time step.
The Laplace transform applied to Equation (1) yields
where L and s denote the Laplace operator and variable, respectively, and t represents time.
The Mittag-Leffler (M-L) function, E ðtÞ, plays an important role in the context of FC, being defined by
This function establishes a connection between purely exponential and power law behaviors that characterize integer and fractional-order phenomena, respectively. In particular, if ¼ 1 then E 1 ðtÞ ¼ e t . If the argument t 0, the M-L function decreases monotonically and, for large values of t, we have
The Laplace transform (7), permits a natural extension of transform pairs, from the exponential function and integer powers of s towards the M-L function and fractional powers of s:
Another important result is the Cole-Cole (C-C) equation. Even though the original model has not used fractional derivatives or integrals, explicitly, it can be regarded as a pioneer application of FC and was applied to model the dynamic behavior of a tissue using Resistance, Capacitance (RC) electrical elements. The C-C equation can be written in terms of complex permittivity, "*, or electrical impedance, Z, being, in the latter case:
where ! is the angular frequency, R 1 and R 0 are the resistances at ! ¼ 1 and ! ¼ 0, respectively, ! c is referred to as the characteristic frequency and j ¼ ffiffiffiffiffiffi ffi À1 p . The C-C model has been used in many areas (Cole and Cole, 1941; Zhang and Willison, 1993; Watanabe et al., 2009 ).
Electrical impedance
In an alternating current (AC) electrical network, the voltage vðtÞ and the current iðtÞ are expressed as sinusoidal functions in time domain, t, as
where V and I are the amplitudes of the signals, and V and I are the corresponding phase shifts. The voltage and current can be expressed in complex form as
and the complex valued impedance Zð j!Þ is given by
where Z ¼ V/I and ¼ V À I .
Experimental set-up
The experimental set-up used for impedance measurements is depicted in Figure 1 . The leaf is submerged in water, except its petiole, and connected to the measurement equipment using two 0.5 mm diameter copper electrodes. One electrode is inserted 5 mm into the leaf petiole, aligned with its longitudinal axis, and the other one is placed immersed in the water. The electrical impedance spectra of the leaves are measured in the frequency range 10 Hz up to 1 MHz, at 30 points logarithmically spaced. A R s ¼ 15 kV adaptation resistance was used in series with the leaf specimen. The temperature was 18 C and all experiments were implemented at daylight.
Leaves can be classified according to the corresponding plant's taxonomy, leaf venation, arrangement or shape, for example, and, for a given leaf, factors such as size, maturation and age, among others, can also be considered. In our study, leaves of six angiosperms were considered, mostly taking into account their shape, namely Citrus limon (CL), Ilex aquifolium (IA), Ficus elastica (FE), Hydrangea macrophylla (HM), Acacia dealbata (AD) and Acer pseudoplatanus (AC) (Figure 2 ).
Analysis of leaves' impedance spectra
In this section the impedance spectra of the leaves are determined and analyzed. Firstly, we model the spectra by means of an n-level recursive parameters RLC network. In a second approach, the tools of FC are used and fractional-order transfer functions are proposed to represent the leaves' spectra.
RLC networks
After performing several tests, it was concluded that the impedance network depicted in Figure 3 (a) provided a good fit to the experimental data. The elements Z i and Z i 0 , i ¼ 1 , . . . , n, are RLC circuits, as represented in Figure 3 (b), corresponding to nonterminal and terminal impedance blocks, respectively.
A recursive parameters RLC network was adopted, meaning that level i þ 1 and level i parameters are related by
The first-level parameters (R 1 , L 1 , C 1 and G 1 ), the constants r, l, c and g and the number of network levels, n, were adjusted in order to minimize the distance between the experimental and model polar curves. For that purpose, a standard genetic algorithm (GA) was adopted, with elitism, crossover within all population and 5% mutation probability. Several experiments demonstrated that the best fitness function J is given by the following expression:
where N represents the total number of frequency points, Re exp (! k ) and Re mod (! k ) are the real parts of the experimental and model complex impedances, respectively, and Im exp (! k ) and Im mod (! k ) correspond to the imaginary parts. The chosen fitness function leads to good results since, by calculating the ratio between the difference and the sum of two values, it is possible to capture the relative error of the adjustment, avoiding ''saturationlike'' effects that occur when using the standard Euclidean norm due to the simultaneous presence of large and small values. In the GA calculations was adopted N ¼ 20, a population of 5000 individuals and 5000 iterations of the GA (Tenreiro Machado, 2012) .
In Table 1 the optimal model parameters are presented. A seven-level RLC network proved to be a good compromise between complexity and approximation error for all samples. In order to illustrate that, we depict in Figure 4 a polar diagram for the CL leaf, comparing the experimental curve and the approximated ones obtained for three, five, seven and nine levels. The rest of the optimal parameters shown in Table 1 were used. The results show that between five-and seven-level networks there is a significant improvement, but negligible improvement between seven and nine levels. Figure 5 (a)-(f) show the polar graphs corresponding to the six leaf specimens, where it can be seen that the model curves fit well to the experimental data.
FC modeling
The electrical impedance polar diagrams ( Figure 5 ) were approximated using FC-based models. Several models were tested, but the experiments proved that the noninteger four-parameter model given by expression (13) permits the best approximation to the experimental data:
The four parameters of the model were adjusted using the GA described previously and are presented in Table  2 , for all leaf samples. In Figure 6 are depicted the polar plots corresponding to the leaves' electrical impedance and the approximated curves.
We can see that incorporating the FC concepts, a simpler model can be found to represent the leaves' impedance spectra. In fact, the FC-based model just necessitates four parameters, leading to a small increase in the approximation error.
In Figure 7 we represent the normalized {r, c, g} and {K, p, } parameters, for each leaf, corresponding to the RLC network and FC-based models, respectively. From Figure 7 (a), we can see that leaves AD and AC are quite different from the others (and also reasonably distinct between themselves), in terms of parameters {r, c, g}, appearing as points far away in the map. In Figure 7 (b), leaves AD and AC are also away from the rest but, in this case, are closer to each other, in terms of parameters {K, p, }. In the first case four small clusters emerge: {AD}, {AC}, {FE, HM} and {IA, CL}; and in the second case we have three clusters: {AD, AC}, {FE, HM} and {IA, CL}. Ficus elastica
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Conclusion
Several characteristics and conditions of plants can be analyzed studying individual leaves. One technique that has been used for this purpose is EIS, which consists of determining the electrical impedance spectra of the leaves.
In this paper six plant species were analyzed. We used EIS to determine the electrical impedance spectra and proposed two modeling approaches to represent those spectra. One is based on RLC electrical networks, leading to a nine-parameter model. The other one uses the tools of FC and necessitates only four parameters. Therefore, the latter model parameters can be easier correlated with physical characteristics of the leaves and plants.
